1. Introduction {#s0005}
===============

Aggressive treatment of pediatric midline posterior fossa tumors is a critical part of neuro-oncologic care but can be complicated by characteristic deficits, including severe loss of language ability and other neuropsychological dysfunction. Having first been described 20--30 years prior in sizable cases series ([@bb0140], [@bb0145]), this is one of several cerebellar disease processes known to create language deficits ([@bb0015], [@bb0040], [@bb0045]). In the largest series to date, 25% of patients undergoing cerebellar tumor resection showed symptoms of this language loss ([@bb0160]) and incidence has been reported as high at 40% ([@bb0065], [@bb0085]). As tumors located in the posterior fossa represent 50--70% of solid tumors in children ([@bb0050]), major loss of language ability represents a major burden in cancer treatment side effects to patients and their families.

Beyond an understanding of its clinical significance, little consensus exists around this condition. Authors refer to this loss of language by multiple names. These include: cerebellar mutism, ataxic mutism, akinetic mutism, cerebellar mutism syndrome, syndrome of mutism and subsequent dysarthria, transient cerebellar mutism, and posterior fossa syndrome. Though efforts have been made to systematize more precise definition of each term, a significant overlap of the usage exists in the literature. Much of this codification effort focuses on the symptoms of language change and on frequently occurring comorbid findings. There is no formally agreed upon criteria regarding the degree of language loss with some investigators emphasizing a strict definition of mutism as complete language loss and others allowing for a broader definition of language deficit. Particular focus has been given to the timing of language changes, requiring that language loss occur 1--2 days following surgery ([@bb0035]), while others allow for development immediately post-operatively ([@bb0160]). Additionally, the duration of language deficit is reported as limited to days to several months ([@bb0075]). Still further disagreement exists regarding the presence of other neurological symptoms, with various authors including or excluding patients with dysarthria, dysphagia, incontinence, emotional lability, dysmetria, long tract signs and cranial nerve deficits ([@bb0070], [@bb0180]). For the purposes of this paper we use the terminology posterior fossa syndrome (PFS), in which we refer to severe language loss following cerebellar tumor resection with the possible presence of the above mentioned comorbidities if not otherwise explainable by a lesion outside of the cerebellum.

The pathophysiological cause of PFS remains unclear. A number of non-mutually exclusive mechanisms have been proposed. Some of these mechanism attempt to account for the transient nature the mutism. SPECT and PET case studies have shown hypoperfusion of the cerebellum as well as cortical language and motor areas that resolved with mutism symptoms leading some to speculate a role for vasospasm in the transient language loss ([@bb0055]). Other have reported increased areas of the edema which resolved with language improvement ([@bb0140]). Still others have speculated that transient neurotransmitter or transient changes in autoregulation due to thermal injury may explain the syndrome ([@bb0170]). Furthermore, it has been hypothesized that there may in fact be more permanent white mater changes resulting from direct damage from surgical resection, axonal injury, and/or damage to the white matter from an inflammatory response ([@bb0010], [@bb0065]).

Additionally, a number of different anatomical regions have been implicated in the pathogenesis of this disorder. An early hypothesis of pathogenesis focused on the mechanisms of surgical disruption to the tracts in the vermis ([@bb0035], [@bb0195]). This led some surgeons to adopt a telovelar approach rather than sectioning the vermis when excising cerebellar tumors ([@bb0115]). However, prospective studies in which the vermis was spared failed to show reproducible evidence of reduction in PFS incidence ([@bb0195]). Recently, increased focus has been placed upon the disruption of the ascending projections from the cerebellar nuclei as a cause of the clinical condition. The middle cerebellar peduncle was implicated in an early description of PFS ([@bb0140]). More recent studies implicate ascending signal through the superior cerebellar peduncle (SCP) in the cerebellar (dental)-thalamic-cortical pathway ([@bb0005], [@bb0110], [@bb0130]). An animal model has similarly implicated dentate outflow ([@bb0020]) in the pathogenesis of PFS. Projections from the cerebellum, especially the dentate nucleus, ascend through the superior cerebellar peduncle and decussate in the rostral pons and midbrain. These projections then travel to the ventral lateral nucleus of the thalamus and project broadly to cortical regions including the areas associated with language production in the frontal and temporal lobes.

Given the lack of clarity regarding diagnostic criteria, pathophysiology and associated anatomy, it is logical that disagreement in the literature exists regarding risk factors for posterior fossa syndrome. A number of pre-operative radiographic findings have been associated with development of PFS, but not in a consistent fashion. Location of tumor in the midline has been associated with increased risk of mutism; however, it has also been occasionally reported in resections of tumors of the lateral cerebellum ([@bb0060]). Some studies have reported tumor size is associated with PFS ([@bb0025]), while other investigators did not find an association with size ([@bb0155], [@bb0190]). A more superior tumor location and compression of the brainstem have also been shown to be associated with increased risk of PFS ([@bb0105], [@bb0110]).

Diffusion imaging techniques have played a role in investigating potential pathophysiological basis of PFS. These efforts have included diffusion-weighted studies ([@bb0005]) and diffusion-tensor/tractography techniques ([@bb0090], [@bb0110], [@bb0130], [@bb0175], [@bb0185]). They have predominately compared post-operative scans to clinical variables of the condition, and have generally supported the hypothesis that PFS results from perturbations in the ascending cerebellar-thalamic-cortical (CTC) projections. However, each study presents only a specific time period in relation to symptoms and resection with some focusing on the immediate post-operative scan ([@bb0090], [@bb0130]) or a scan performed over a year after PFS onset ([@bb0175]). One study presents pre- and post-op conventional imaging findings but only post-op DTI finings ([@bb0110]), while another presents both pre- and post-op DTI findings ([@bb0130]) but with no long term follow-up.

We employed a retrospective longitudinal, serial imaging study of patients with PFS to further investigate underlying pathophysiological changes involved with this syndrome. We compared these patients with both functionally intact tumor controls and those with only mild language deficit following resection. This study employs diffusion tensor imaging (DTI) at three time points across all three groups. Imaging was performed prior to surgical resection, immediately following resection, and at the 1-year interval to examine white matter changes in the (CTC) projections. This is a novel study in that we assessed patients throughout their clinical course from tumor diagnosis, through development of PFS, and to language resolution. By analyzing pre-operative DTI scans, we also investigated whether radiographic and clinical markers exist that can aide in the early identification of patients most at risk of developing PFS. Immediate post-surgical resection scans allow us to assess white matter changes contemporaneously with mutism development to determine potentially disrupted fiber tracts.

Finally, we evaluated DTI parameters at 1 year post-resection to characterize the evolution of white matter changes. The aim of this longitudinal study is to analyze the previously proposed theories on the pathophysiology of cerebellar mutism by following the progression of the condition.

2. Materials and methods {#s0010}
========================

2.1. Patient characteristics {#s0015}
----------------------------

All patients undergoing resection of intraparenchymal cerebellar tumors at Seattle Children\'s Hospital (SCH) from June 2010 through June 2015 were retrospectively reviewed ([Fig. 1](#f0005){ref-type="fig"}). The study protocol was approved by the SCH institutional review board prior to accessing patient records. Inclusion criteria were presence of an intrinsic tumor of the cerebellum that involved the midline and was radically resected at our institution. Exclusion criteria included redo resection, surgery involving only biopsy, or age \< 2 years. Patients with pre-existing co-morbid neurological disease or severe development delays were also excluded. Clinical information was gleaned retrospectively from review of the patient\'s electronic medical record. Patients were divided into three groups based on post-operative verbal performance. The *verbally intact* group (*n* = 19) demonstrated intact verbally fluency after surgery and unchanged cognitive ability. The *mild language impairment* group (*n* = 19) included patients who continued to speak in multi-word sentences but showed some decrement in cognitive performance (e.g., shorter sentence length, trouble with orientation questions). The *posterior fossa syndrome* (PFS) group (*n* = 9) included the patients with complete loss of language production or production of only single words. Concern for PFS must have been raised contemporaneously by qualified medical personnel including their neurosurgeon, rehab medicine physician, oncologist, or speech pathologist documented in the patient\'s record.

2.2. Imaging methods {#s0020}
--------------------

Imaging was acquired as part of routine diagnostic evaluation on either a 1.5 T or 3 T Siemens MRI scanner (Erlangen, Germany) at the Seattle Children\'s Hospital. Given the narrow selection of scanner hardware, all results were verified as to have not arisen due to difference in field strengths. Scan protocol included the following sequences and scan parameters: MPRAGE (3D Structural T1 weighted image), T2, FLAIR, SWI and diffusion weighted images. The MPRAGE and diffusion pulse sequences were used for study analysis and employed the following parameters. MPRAGE was collected with a 1 mm slice thickness, field of view 256 × 256 mm, TR 1879 ms, TE 3.3 ms. Diffusion weighted imaging was collected with a single-shot, echo planar imaging sequence consisting of four b0 unweighted images and 10 non-collinear directions acquired four times with a b-value of 1000 s/mm2, field of view 256 × 256 mm, 3 mm slice thickness, TR 5800 ms, TE 96 ms. Total scan time was approximately 30 min, with approximately 5 min of time dedicated to DTI acquisition. Scans were analyzed from three time points: prior to surgery (within 7 days pre-op); immediately following the surgical resection (within 48 h post-op); and at 1 year (9--15 months) from date of resection (and after the resolution of language changes).

Each patient\'s pre-operative scan was reviewed for evidence of hydrocephalus by a neuroradiologist as part of their clinical care. These scans were reviewed prior to tumor resection and therefore the radiologist was blind to the development of PFS. In addition to reviewing the radiologist report, evidence of hydrocephalus findings were verified through visual inspection by a senior neurosurgical resident physician.

2.3. Image post processing {#s0025}
--------------------------

DTI data was processed with the analytical methods constructed by Dr. Carlo Pierpaoli and colleagues at the NIH using TORTOISE - Tolerably Obsessive Registration and Tensor Optimization Indolent Software Ensemble ([@bb0135]). Briefly, TORTOISE is a freely available, public access software that provides a comprehensive post-processing pipeline which applies rigorous correction for echo-planar imaging distortion, susceptibility, motion, and eddy current distortion ([@bb0165]), and robust estimation of tensors by outlier rejection (RESTORE) ([@bb0030]). For EPI correction distortion, the diffusion images were registered to the 1 mm isotropic T1 using non-linear b-splines. Eddy current and motion distortion were corrected using standard affine transformations followed by re-orientation of the b-matrix for the rotational aspect of the rigid body motion. RESTORE was then used to estimate the tensor and subsequent DTI metrics.

Following this post-processing, 3D image stacks were introduced into DTIstudio ([@bb0120], [@bb0200]) for segmentation of the DTI atlas ([@bb0125]) on to each patients DTI data set. DTI studio allowed for the extraction of DTI metrics within each 3D-atlas-based region of interest providing a comprehensive sampling throughout the entire brain into 189 regions including ventricular space. In this process, the DTI atlas is transformed to fit each patient\'s scan in order to compensate for anatomical changes due to disease processes (e.g., hydrocephalous, edema, tumor mass effect). The ROI\'s derived from the DTI atlas were then visually inspected to assure quality of fit of the scan. The DTI metric used for primary analysis was fractional anisotropy (FA) while mean diffusivity (MD), axial diffusivity (AD), and radial diffusivity (RD) were examined in an exploratory fashion. Selection of regions was limited to regions of white matter as the main hypothesis regarding DTI was that changes in white matter integrity observed with FA would relate to PFS presentation. For white matter segmentation, FA images were threshold at 0.2 or greater.

The investigation was limited to the left and right superior cerebellar peduncle (SCP), middle cerebellar peduncle (MCP), and cerebellar white mater (CBW), areas known to encompass the main anatomical regions implicated in PFS. The SCP comprises the primary ascending efferent fibers from the cerebellum to the thalamus and cortex. The MCP carries the primary cerebellar afferent fibers descending from the cortex and language areas. The CBW was chosen because it contains the vermis and paravermian areas. The inferior cerebellar peduncle was excluded due to its primary descending projection.

A number of risk factors on pre-operative imaging have been reported in the literature. These include hydrocephalous, tumor location, tumor volume, and brainstem compression. The longitudinal nature of this study makes it uniquely positioned to investigate these factors. The method of evaluating each is discussed below.

2.4. Tumor location and volume calculation methods {#s0030}
--------------------------------------------------

Tumor location was analyzed by comparing the ratio of tumor in the superior and inferior to the half of the cerebellum relative to the apex of the four ventricle as described previously ([@bb0175]). Tumor volume was calculated using the ABC/2 method ([@bb0080]). Briefly, the widest diameter of the tumor was measured on the axial slice with the maximal tumor area (A). A second diameter was then measured perpendicular to this line (B). Finally axial slices containing the tumor were counted. Axial slices with tumor area \> 75% of the maximal area were counted as one slice. Slices with 25--75% of the maximal area were counted as 0.5 slices. Slices with \< 25% of the maximal area were not counted. This count was then multiplied by slice thickness (C) and divided by two.

2.5. Brainstem compression calculation methods {#s0035}
----------------------------------------------

Brainstem compression was calculated by measuring the largest anterior-posterior diameter distance across the pons ([@bb0105]). All measurements were made in the midline from the basilar artery to the floor of the fourth ventricle. When the fourth ventricle was effaced by tumor mass, measurements were made in the midline from the basilar artery to the anterior most extent of the tumor or cyst. Measurements were made on the pre-op and post-op scans. The difference between these two measurements were calculated for each patient and analyzed as a separate variable.

2.6. Statistical methods {#s0040}
------------------------

All data were analyzed using GraphPad Prism version 6 (GraphPad Software). Differences between DTI metrics across the three groups were assessed using Kruskal-Wallis ANOVA given the nonparametric nature of the group distributions. Significant differences observed between groups were followed with pair-wise comparison by Dunn\'s correction for multiple comparisons. Spearman correlations were employed to examine relationships between imaging results and other clinically relevant measures to explore specificity of the overall study findings.

3. Results {#s0045}
==========

In total, scans from 47 patients across three time points (pre-op, post-op, 1 year) were analyzed ([Fig. 1](#f0005){ref-type="fig"}). No differences were seen in gender, handedness, or tumor pathology across outcome groups ([Table 1](#t0005){ref-type="table"}). PFS patients were significantly younger in comparison to the intact language and mild deficit groups. Therefore, subgroup analysis of all primary study findings was completed to investigate any potential contribution of age on the overall results.

3.1. Immediate post-operative changes in DTI metrics {#s0050}
----------------------------------------------------

Post-operative scans were performed in the first 48 h following tumor resection, typically within 24 h. While no difference was seen in FA prior to resection ([Fig. 2](#f0010){ref-type="fig"}A and B), PFS patients showed reduced FA in both the left (*P* = 0.014) and right SCP (*P* = 0.030) by Kruskal-Wallis ANOVA and remained significant after Dunn\'s correction for multiple comparisons ([Fig. 2](#f0010){ref-type="fig"}C and D). These changes appeared to be fairly specific to the SCP, as similar findings were not observed when comparing the left (*P* = 0.688) or right (*P* = 0.274) MCP across groups ([Fig. 3](#f0015){ref-type="fig"}A and B). Additionally, no difference was observed in the right CBW (*P* = 0.084) and while a significant difference was seen in the left CBW (*P* = 0.033) it was quite weak (effect size PFS to verbally intact group = 0.015) compared to the left SCP (PFS to verbally intact = 0.063).

3.2. One year changes in DTI metrics {#s0055}
------------------------------------

After 1-year from the resection and resolution of language symptoms, patients who suffered PFS continued to show reductions in FA in the bilateral SCP (left *P* = 0.030, right *P* = 0.004) ([Fig. 4](#f0020){ref-type="fig"}A--B). There were no differences in the left or right MCP (*P* = 0.672 and *P* = 0.673, respectively) or right CBW (*P* = 0.06). There was a difference in the left CBW (*P* = 0.025) but again with a small effect size (effect size PFS to verbally intact group = 0.013) compared to the left SCP (PFS to verbally intact = 0.045).

3.3. Longitudinal summary of SCP DTI metrics {#s0060}
--------------------------------------------

While no significant difference was seen in FA values in the SCP pre-operatively, we did observe a significant increase in mean diffusivity (*P* = 0.008) and radial diffusivity *(P* *=* 0.0016) in the left SCP ([Table 2](#t0010){ref-type="table"}) of PFS patients suggesting that patients at risk for PFS may exhibit white matter vulnerability in this region prior to resection (Kruskal-Wallis ANOVA). No trend was seen in the right SCP mean diffusivity (*P* = 0.850) or radial diffusivity (*P* = 0.372). No changes in other DTI metrics were observed with the exception of post-operative right axial diffusivity (*P* = 0.033), which was also reduced.

3.4. Adjustment for age {#s0065}
-----------------------

As noted in [Table 1](#t0005){ref-type="table"}, the PFS group was significantly younger than the intact language and mild deficit language groups. In order to understand the contribution of age to the DTI findings in the SCP, spearman rank correlations were completed on the FA values in the SCP against the patient\'s age. A significant correlation was identified with this analysis (*r* = 0.398, *P* = 0.009, [Fig. 5](#f0025){ref-type="fig"}A) and as such, further subgroup analysis was undertaken to determine if the primary findings held after proper age matching. In this subset, FA and age no longer showed a significant correlation (*r* = 0.219, *P* = 0.263) ([Fig. 5](#f0025){ref-type="fig"}B). In the post-operative scan, FA reductions in the left SCP remained significant (*P* = 0.042) ([Fig. 5](#f0025){ref-type="fig"}C) while the change in the right SCP remained only slightly trending (*P* = 0.164) ([Fig. 5](#f0025){ref-type="fig"}D). Additionally, at 1-year post-op, the right SCP showed significant reductions in FA and following Dunn\'s correction between the PFS and intact language group (*P* = 0.018) ([Fig. 5](#f0025){ref-type="fig"}F) while the left SCP remained trending (*P* = 0.089) ([Fig. 5](#f0025){ref-type="fig"}E). Taken together, we interpret this subgroup analysis finding to mean that while younger age appears to be a risk factor for the development of PFS, DTI imaging findings suggest that there is a subset of patients, even after adjustment for age, that are vulnerable to this syndrome and that the evaluation of this advanced neuroimaging tool could provide greater insight into the identification of those at risk.

3.5. Consideration of other radiological risk factors {#s0070}
-----------------------------------------------------

Presence of hydrocephalous did not relate to the development of PFS ([Table 1](#t0005){ref-type="table"}). There was no significant difference or trend seen in its prevalence between the language groups (*P* = 0.741, Chi-square).

The relationship of tumor size to language group and FA values was assessed in order to determine if these imaging findings were merely a result of greater tumor volume. In contrast to previously reported findings ([@bb0025]) no size differences were observed between groups (*P* = 0.857, [Fig. 6](#f0030){ref-type="fig"}A), and no correlation existed between tumor volume and FA in the SCP (*P* = 0.448, [Fig. 6](#f0030){ref-type="fig"}B) suggesting that the reductions in FA in the SCP in PFS patients occurred independent of tumor size.

Given the white matter changes seen in superior cerebellar structures, the location of the tumor was assessed by comparing the ratio of the tumor portion in the superior versus inferior cerebellum. Contrary to previously published studies ([@bb0175]), no difference was noted between groups in the ratio of superior to inferior tumor location (*P* = 0.894, [Fig. 6](#f0030){ref-type="fig"}C).

Decreased pre-operative anterior-posterior (AP) diameter of the pons and change in AP diameter of the pons following tumor resection has previously been reported to predict PFS ([@bb0105]). In our cohort of patients, no difference was noted between pre-operative AP diameter mean (Intact group = 17.6 ± 3.9, Mild = 17.8 ± 2.4, PFS = 16.0 ± 3.9; *P* = 0.495). There was also no difference in post-operative AP diameter (mean Intact group = 18.7 ± 3.91, Mild = 18.5 ± 2.22, PFS = 18.3 ± 4.80; *P* = 0.976). A trend was noted in the change of AP diameter between pre-operative and post-operative AP diameter ([Fig. 6](#f0030){ref-type="fig"}D) but did not reach significance (*P* = 0.098).

4. Discussion {#s0075}
=============

The data presented here show marked changes in the white matter by DTI of the superior cerebellar peduncle in patients who suffer posterior fossa syndrome following resection of cerebellar tumors that was not present on pre-operative evaluation. These findings showed specificity to superior cerebellar peduncle. No changes were seen in the middle cerebellar peduncle after resection. A small change was seen in the left cerebellar white matter but the effect size was much smaller than that seen in the superior cerebellar peduncle. No change was seen in the right cerebellar white matter.

Our study found no relationship between PFS and other previously reported clinical and radiographic factors including patient handedness even though PFS has been previously reported to occur more frequently in left handed patients ([@bb0090]).

Furthermore, no relationship was observed between size of the tumor and incidence of PFS; no correlation was discovered between size and FA changes. No relationship was seen between superior location of the tumor and language changes. Pre-operative compression of the brainstem did not relate to development of PFS, and changes observed in AP diameter of the pons did not reach significance While others have reported a predilection to PFS among patients with more high grade pathology ([@bb0175]), in our study the pathological grade of the tumor also showed no-difference between language groups as did the diagnosis of hydrocephalus.

Conversely, age did appear to correlate with the presence of PFS and FA changes. While PFS patients were younger than both the verbally intact and mild deficit groups, this did not entirely explain the DTI findings as evidenced by the subgroup analysis in which reductions in FA were still observed in the age-matched group sample. While it is generally thought that PFS primarily occurs in pediatric patients, various reports have shown no correlation with age in this population ([@bb0100]). In addition, pre-operative baseline FA was not different across groups suggesting the FA reductions observed on the post-operative scan in PFS patients were more likely associated with the resection than age alone. This implies that post-operative changes seen between the language groups cannot result entirely from differences in patient age. Thus, decreasing age likely represents a susceptibility to white matter changes associated with PFS, but is not the sole explanation for the changes observed. Maturation of white matter in the SCP may create a window of time when incomplete myelination leaves white matter more susceptible to traumatic or inflammatory injury.

The language deficit in PFS typically resolved after weeks to months. However, the white mater changes in the SCP observed with DTI immediately following resection were still present at one year from the time of resection. These findings would not be supportive of theories that attempt to exclusively explain PFS through transient phenomenon such as vasospasm, edema, neurotransmitter deficit, and temporary changes in autoregulation. While the causes of PFS may be multifactorial and include these mechanisms in the acute setting, longer lasting changes (such as trauma, axonal injury, or inflammatory change) may play a role as well. The presence of long lasting anatomical change is also consistent with the growing body of evidence that PFS patients show long-term emotional and intellectual changes despite resolution of mutism ([@bb0095], [@bb0150]).

Pre-operative scans did not show FA changes, but did demonstrate alterations in other DTI metrics, specifically MD and RD. These findings do not yet accurately identify which patients will develop PFS, but do imply that patients who develop PFS may show a radiographic DTI marker prior to resection. If these finding were replicated more robustly in a larger data set with higher quality scans (e.g., greater number of directions), it may lead to the development of pre-operative radiographic markers of patients most at risk for PFS. These markers might allow surgeons greater accuracy in pre-operative discussions with patients\' families regarding surgical risk and hospital course. Additionally, pre-operative markers could guide the approach and extent of surgical resection. In patients felt to represent a greater risk for PFS syndrome, surgeons might elect to alter their approach or technique to limit damage or irritation of the SCP, such as limiting the direct retraction or manipulation.

While this is the first longitudinal imaging analysis in PFS patients from pre-operative evaluation out to 1 year post-resection and functionally intact tumor controls to date, it is not without limitations. These include a limited sample size, clinical scan data not optimized for advanced imaging analysis such that more fine regions like the dentate nucleus could not be adequately sampled, and imbalanced age of patients per group. Additionally, data was recorded retrospectively which may induce inherit biases. Specific examples may include overlooking subtleties of clinical presentation and course observed. The diagnosis of PFS may be underreported in a retrospective analysis or alternate explanations of PFS-like behavior may be overlooked. Regardless of study design, lack of widespread consensus regarding definition of PFS limits the generalizability of any study on the subject. The diversity of presentations regarding onset of symptoms and co-morbid findings may represent at range of pathological mechanisms and anatomical changes. It may also contribute to the notable variance in reported incidence of PFS and its related syndromes.

Future directions of research on PFS would benefit from prospective studies allowing for careful documentation of co-morbid findings for more precise selection of mutism patients by symptomatology which may reveal more accurate anatomical and clinical relationships. Furthermore, multi-center studies of the clinical and radiographic (including DTI) findings of PFS with higher resolution DTI and isotropic voxel acquisition would provide data optimized for this quantitative post-processing and evaluation. Additionally, multi-center investigations would also involve pooled results of multiple surgical techniques which could lead to greater generalization of findings to the body of clinicians providing care for these patients. One could even propose altering surgical strategies to protect the SCPs, just as leaving small residual on the brainstem is an appropriate strategy in chemo- and radio-sensitive tumors.

The presence of changes to superior structures of the cerebellum as opposed to the more lateral and inferior structures may provide surgical guidance to tumor resection. This finding may allow surgeons greater confidence in their dissection of the tele choroidea, inferior medullar velum and inferior cerebellum (e.g., vermis and inferior cerebellar peduncle). This greater inferior exposure may allow surgeons greater degrees of freedom when resecting the superior portion of the tumor where the patient\'s language may be most vulnerable. Thus contrary to previous trends, more aggressive manipulation of the inferior cerebellum may allow the surgeon to avoid PFS by allowing greater visualization and careful dissection of the SCP. This proposition requires further clinical investigation.

Mutism remains a common complication following resection of cerebellar tumors. Our work has used DTI findings to investigate the underlying pathophysiology and risk factors of this disease. By improving understanding of the anatomical changes associated with PFS, we hope to provide surgeons additional tools to safely remove cerebellar tumors and improve children\'s survival and functional outcome.
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![Consort diagram of enrolled patients, pre-operative, post-operative, and 1-year follow-up.](gr1){#f0005}

![PFS patients show reduced fractional anisotropy (FA) in the superior cerebellar peduncle (SCP) on post-operative but not pre-operative scans. Prior to resection, the left SCP (*A*) and right SCP (*B*) showed no difference between language groups. In the immediate post-operative period, the left SCP (*C*) showed reduced FA in PFS patients compared to both verbally intact and mildly impaired patients. The right SCP (*D*) showed reduced FA in PFS patients compared to the verbally intact group. KW = Kruskal-Wallis. \*Significance after post-hoc Dunn\'s correction for multiple comparisons (*P* \< 0.05).](gr2){#f0010}

![DTI changes show specificity for the SCP. Patients who suffered PFS showed no FA changes in the MCP (*A* and *B*) compared to other patients. In the cerebellar white matter, PFS patients show reduced FA on the left (*C*) and no change on the right (*D*). KW = Kruskal-Wallis. \*Significance after post-hoc Dunn\'s correction for multiple comparisons (*P* \< 0.05).](gr3){#f0015}

![DTI changes persist 1-year post surgery. One year following surgery, patients who suffered PFS showed reduced FA in both the left (*left*) and right (*right*) SCP compared to patients who were immediately verbally intact. KW = Kruskal-Wallis. \*Significance after post-hoc Dunn\'s correction for multiple comparisons (*P* \< 0.05).](gr4){#f0020}

![DTI changes remain after controlling for age differences.\
FA values were found to correlate with age (*A*). SCP FA values are no longer significantly correlated following subgroup analysis matching for age across groups (*B*). Following age restriction, reductions in FA in the SCP remain significant (*C and F*) or trend towards significant (*D and E*). KW = Kruskal-Wallis. \*Significance after post-hoc Dunn\'s correction for multiple comparisons (*P* \< 0.05).](gr5){#f0025}

![Tumor size does not account for PFS Findings Observed on MRI.\
Tumor size also did not correlate with FA (*A*) in the regions of interest and showed no difference between groups (*B*). No relationship was seen between the tumors superior-inferior position and PFS (*C*)*.* Changes in pontine AP diameter as a marker of brainstem compression also showed no difference between groups (*D*). r = spearman correlation. KW = Kruskal-Wallis. \*Significance after post-hoc Dunn\'s correction for multiple comparisons (*P* \< 0.05).](gr6){#f0030}

###### 

Patient characteristics (\**P* \< 0.05 post-hoc, Dunn\'s correction).

Table 1

  Patient characteristics   All         Intact       Mild deficit   PFS
  ------------------------- ----------- ------------ -------------- -------------
  N                         47          19 (40%)     19 (40%)       9 (19%)
  AGE                       9.7 ± 4.8   10.5 ± 5.4   10.8 ± 4.1     5.7\* ± 2.8
  Gender (% male)           24 (51)     10 (53%)     9 (47%)        9 (47%)
  Handedness (R)            39 (83%)    16 (84%)     16 (84%)       6 (66%)
  Path: pilocytic           28 (60%)    12 (63%)     11 (58%)       5 (56%)
  Path: medullo             14 (30%)    5 (26%)      5 (26%)        4 (44%)
  Hydrocephalous            40 (85%)    16 (85%)     16 (85%)       8 (88%)

###### 

Summary of DTI findings in the superior cerebellar peduncle.

Table 2

  DTI Metric   FA   MD   AD   RD                  
  ------------ ---- ---- ---- ---- ---- ---- ---- ----
  Hemisphere   L    R    L    R    L    R    L    R
  Pre-op       NS   NS   ↑    NS   NS   NS   ↑    NS
  Post-op      ↓    ↓    NS   NS   NS   ↓    NS   NS
  1-year       ↓    ↓    NS   NS   NS   NS   NS   NS

Up or down arrow indicates direction of DTI signal change in PFS patients compared to intact tumor controls and is significant at *P* \< 0.05 after post-hoc Dunn\'s correction.
